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ABSTRACT
A hybrid plasma-semiconductor phototransistor has been realized by substituting a plasma
for the collector of an npn bipolar junction transistor. Designated as the plasma bipolar
junction transistor (PBJT), this optoelectronic device relies on the correspondence between
the properties of a low temperature, nonequilibrium plasma and those of the e−–h+ plasma
in an n-type semiconductor. Coupling electrons and holes in a semiconductor and electrons
and ions in the gaseous plasma with a strong electric field yields a transistor with photo-
sensitivity, gain, and a light-emitting collector whose radiative output can be modulated or
switched using voltages that are less than 1 V. It has been found that the current gain of the
transistor increases as a function of the increasing gas pressure and VCC supplied to the test
circuit. External illumination of the base region during operation increases the base current,
confirming that the PBJT exhibits phototransistor properties. The utilization of the PBJT
in an amplifier circuit has shown voltage gains up to 170 and power gains of nearly 80. A
reduction in device dimensions shows promising results for eliminating observed hysteresis
as well as increasing the operating frequency and gas pressure of the device.
In addition, a new robust silicon microplasma structure serving as a high-frame-rate,
ultra-high-resolution plasma generator has been designed and built, and is currently under-
going preliminary testing. This new structure, designated as the dual junction microplasma
(DJM) device, utilizes silicon pn junctions in a specific arrangement to generate plasma
emission.
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CHAPTER 1
INTRODUCTION
1.1 Coupling Two States of Matter
Early in the development of solid state electronics, the relationship between electron-hole
(e−–h+) plasmas in semiconductors and low temperature, non-equilibrium plasmas in the
gas phase was recognized. Sharing a common mathematical and physical background, both
plasmas are described by virtually identical relationships for charged particle drift, diffusion,
and recombination (for example) [1]. It is also known that the transition region at a pn
junction is analogous to the sheath associated with a low temperature, gas phase plasma
discharge [2, 3].
In the last century, gas phase plasmas gave birth to an array of photonic and electronic
devices. A series of electron tubes incorporating a rare gas or mercury glow discharge
served as voltage regulators and switches, and Nixie tubes based on low pressure Ne plasmas
were the alphanumeric display of choice for more than two decades. Over the past 60 years,
however, e−–h+ and gas phase plasmas have developed along separate paths and the inherent
correspondence between the properties of the two has largely been neglected in the design of
photonic and electronic devices. The current interest in plasma-semiconductor interactions
is generally confined to plasma etching of Si that is common in integrated circuit fabrication.
The emphasis in the study of these plasmas is placed solely on surface chemistry.
In 2002, Park et al. [4] demonstrated photodetection in the visible spectrum using a
DC operated silicon microplasma device. A single plasma discharge created in a (100 µm)2
inverted pyramidal device demonstrated photosensitivity that was an order of magnitude
larger than commercial photodiodes in the range of 350 - 1200 nm. Later, in 2005, Os-
trom and Eden [5] provided detailed measurements of the photosensitivity of pyramidal
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microplasma arrays in silicon. This work also presented a preliminary understanding of the
plasma-semiconductor interface from the perspective of energy band diagrams.
A hybrid plasma-semiconductor transistor, denoted the plasma bipolar junction transistor
(PBJT), realized by replacing the collector of an npn bipolar junction transistor with a
low temperature plasma, is presented and discussed here. Not only does this device offer
optoelectronic functionality unavailable previously, but it also provides a window onto the
physics of e−–h+ and e−–ion plasmas separated by a thin barrier and yet linked by e−
tunneling.
1.2 Microplasmas: Leveraging Material Properties to Create
Plasma Discharges
Microplasmas, also known as microcavity plasma devices, are a new class of plasma devices
that exhibit behavior that deviates from conventional, macroscopic plasmas. Microcavity
plasma devices are characterized by plasma dimensions below 1 mm and operation at pres-
sures near one atmosphere [6]. These microplasmas have also been shown to have electron
densities ranging from 1013 cm−3 to 1016 cm−3 [7]. To date, many different types of mi-
crocavity plasma devices have been created using a number of materials, including silicon
[8], aluminum [9], ceramics [10], glass [11], and polymers [12, 13]. The ability to have such
flexibility in the creation of microplasma devices makes them attractive hosts for a wide
range of functions. Possible applications include using them as ultraviolet (UV) generation
sources for biomedical applications, or as high definition plasma displays [6], environmental
sensors for the detection of hazardous species [6], chemical reactors to induce modifications
of molecules [6], and photodetectors to sense ultraviolet, visible, and infrared radiation [5].
Silicon is one of the most studied materials of the past half century. First, with the
introduction of integrated circuit processing, and then with microelectromechanical systems
(MEMS) research, a great number of fabrication techniques have been developed to produce
high-quality, sophisticated devices on silicon wafers with exceptional uniformity. Silicon mi-
crocavity plasma devices have been studied for over a decade by researchers at the University
of Illinois at Urbana-Champaign. Since their introduction in 1997 [14], device fabrication
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procedures for the devices have evolved and become a well-developed art. Due to advanced
fabrication capabilities, arrays of microplasmas can be replicated for large-scale production.
A new generation of silicon microcavity plasma devices, drawing upon the unique capability
available with state-of-the-art fabrication techniques, is presented in this work.
3
CHAPTER 2
THEORETICAL BACKGROUND
2.1 Plasma Fundamentals
Plasma, the term coined by American chemist and physicist Irving Langmuir in 1928 for a
partially ionized gas, is often referred to as the fourth state of matter. Typically, plasmas
comprise freely charged particles moving in random directions while maintaining electrical
neutrality. That is, the negatively charged electron density ne is approximately equivalent
to the positively charged ion density ni within the bulk region [1]. Owing to the presence
of freely moving charged particles within the bulk region, plasmas have been shown to have
excellent conduction properties.
2.1.1 DC Plasma Discharge Theory
Debye Length and Plasma Frequency
The Debye length is defined as the distance over which a significant charge imbalance can
occur in a plasma. As the mean particle separation rises above the Debye length, the
degree of interaction between electrons and ions diminishes rapidly. The Debye length (λD)
is dependent on two factors: the electron density of the plasma and the average electron
temperature, as shown by the relation
λD =
√
0kBTe
q2ne
≈ 743
√
Te(eV )
ne
(2.1)
where Te is the electron temperature and ne is the electron density, expressed in cm
−3.
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As noted above, the bulk of the plasma is assumed to be quasi-neutral. However, when
an external field is introduced, the electrons within the plasma respond quicker than heavier
ions, creating a separation of charge within the bulk. An ambipolar electric field is generated
as a result of the perturbation and produces a restoring force to “pull back” the charges to
their original position so that the bulk plasma remains in a neutral state. This separation
and restoration of charges results in an oscillation known as the plasma frequency. The
plasma frequency is defined by
ωp =
√
neq2
me0
≈ (5.65 · 104)n1/2e (2.2)
where me is the rest mass of an electron and ne is, again, expressed in cm
−3.
Plasma Sheath
While the majority of the plasma is quasi-neutral, the sheath is quite a different story. When
an electropositive plasma is first created, all surfaces are initially charged negative, which
is a result of the greater mobility of electrons as compared to heavier ions. During steady
state DC operation, electrons are attracted to the anode while positive ions are drawn to the
cathode. The movement of these two charges completes the electrical circuit, allowing for
current flow. The bombardment of the cathode by the larger, heavier ions ejects electrons
from the cathode surface, a process known as secondary electron emission. The ejection
of the secondary electrons is crucial in sustaining a DC plasma discharge — it maintains
equal current density throughout the plasma. The majority of the current in the sheath
is carried by the ions. Thus, to maintain current continuity, ions must be accelerated and
their mass results in the need for an intense electric field. Ions must enter the sheath region
with a particular velocity, called the Bohm velocity, defined by the expression v0 ≥ TeM+ ,
in order to travel through the sheath. The region where ions are accelerated to the Bohm
velocity is known as the presheath. The potential of the plasma is said to be zero at the
sheath/presheath boundary; thus, the potential at the wall (electrode) is negative. Figure
2.1 qualitatively shows the electron and ion densities as well as the plasma potential in the
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presheath, sheath, and bulk regimes. As we shall see later, the electric field strength of
the plasma sheath under the right conditions is comparable to that of a reverse-biased pn
junction, which will allow us to replace a solid semiconductor with a gaseous plasma while
maintaining the functionality of the electronic device.
Figure 2.1: (Top) Relative electron and ion number densities, and (bottom) the plasma
potential in the cathode fall region (adapted from [1]).
Paschen’s Law
Paschen’s law states that the breakdown voltage, the voltage necessary to strike a plasma
discharge in between two parallel electrodes, is a nonlinear function of the gas pressure and
6
electrode spacing for each gas or gas mixture. The breakdown voltage is defined by
V =
B · pd
ln(A)− ln[ln( 1
γ
+ 1)] + ln(pd)
(2.3)
where A and B are gas specific parameter and γ is the secondary electron emission coefficient
of the system [2]. For Ne, the values of A and B are 4 (Torr·cm)−1 and 100 V/(Torr·cm),
respectively, which lead to the functional dependence depicted in Fig. 2.2. By mapping the
Figure 2.2: Paschen curves for different gases [2].
Paschen curve of a gas discharge system, one can locate the minimum and create a plasma
discharge using the lowest voltage. This proves to be advantageous for optimizing the driving
electronics of a system. The deviation of the V-pd profiles from Paschen behavior is an
indication that the plasma no longer adheres to the assumed characteristics that underlie
Paschen’s curves.
Electron Mobility
The mobility of electrons in a plasma surpasses that of electrons in a wide range of semi-
conductor materials, particularly silicon. Mechanisms such as ionized impurity scattering
that dominate at higher dopant concentrations within the lattice, lattice phonon scattering
present at lower dopant concentrations, and surface scattering do not hinder the transport
of electrons in a gaseous plasma medium. The average electron mobility in a moderately
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doped phosphorous silicon sample (∼1015 cm−3) at room temperature is approximately 1400
cm2/(V·s) [3]. On the other hand, the electron mobility of a Ne discharge at 1 Torr is
approximately 1.5·106 cm2/(V·s) [2], nearly three orders of magnitude greater. The rapid
transport of electrons allows for successful operation of the devices presented in this work
and bodes well for the ultimate switching speed of the PBJT. This will be discussed in more
detail later.
2.1.2 DC Plasma Discharge Operating Regimes
The current-voltage characteristics of a DC plasma, as described above, are shown in Fig. 2.3.
The sub-normal glow, also known as the Townsend discharge, requires minimal current (10−10
Figure 2.3: Simplified diagram illustrating the modes of operation of a DC plasma discharge.
A to 10−5 A), a large external ohmic resistance, and voltage near the plasma breakdown
voltage to sustain itself. The plasma occupies a small spot on the cathode. In the normal
glow, the voltage remains the same as current is increased (approximately from 10−4 A to
0.1 A), and the cathode spot continues to grow until the cathode is completely filled. Once
the entire area of the cathode is consumed by plasma, the voltage increases linearly as a
function of current, designated as the abnormal glow region. Finally, current in excess of 1
A typically leads to an arc discharge [2]. The devices that will be discussed appear to be
operating in the abnormal glow regime in which the differential resistance is positive, and
therefore a ballast is required to operate the device.
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2.1.3 Optogalvanic Effect
The optogalvanic effect was first discovered in the early 1900s. However, it became of great
interest in the mid-1970s sparked by the work of Green et al. [15] when it was noted
to be of use in laser spectroscopy. During Green’s experiments, it was shown that the
illumination of a DC plasma discharge cell with a monocromatic light source, such as that
of a laser, would result in an increase of voltage in the current-voltage (IV) characteristic of
the plasma discharge at specific wavelengths. The wavelengths that resulted in the change of
the electrical characteristics of the discharge corresponded to the specific energies required
to excite electrons from a lower atomic state to a higher level. By sweeping the wavelength
of the laser source (and, hence, the energy of the incident photons impinging on a gas cell),
one would be able to determine the constituents of the gas mixture.
Of interest in this work are transitions of atomic Ne at 632.8 nm (5s’[1/2]1 → 3p’[3/2]2)
and 3.39 µm (5s’[1/2]1 → 4p’[3/2]2), which can be easily accessed with HeNe lasers with
the respective wavelengths. Although excitation of a Ne plasma with the aforementioned
wavelengths has been demonstrated [16, 17], the resulting perturbation of the voltage in a
hollow cathode discharge tube has been noted to be minuscule, several millivolts. Tuning the
laser source to 585.25 nm or 588.19 nm, two of the predominant transitions in Ne [16], has
produced a pronounced observation of the optogalvanic effect within a Ne plasma discharge.
2.2 Semiconductor Fundamentals
Semiconductor electronics was born with John Bardeen’s discovery of the bipolar junction
transistor in 1947. Much of the initial theory of semiconductors, which was borrowed heavily
from plasma physics, was developed during the late 1940s and early 1950s. Later (1958), the
first integrated circuit device was created, illustrating the feasibility of placing all electronic
components on a single chip and identifying semiconductors as the means to accomplish this
goal.
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2.2.1 Bipolar Junction Transistors
A BJT is a three-terminal device that comprises an emitter, a base, and a collector, which
may be doped npn or pnp. In essence, an npn BJT comprises two pn junctions that share
the same p-type region, denoted as the base, which is designed to be thin so as to allow for
transport of diffusion current from one n-type region to the other. Unless the thickness of the
base is less than the diffusion length of the minority carriers in the region, the device will not
operate properly since the recombination of electrons and holes will dominate, preventing
current from flowing between the two n-type regions. The doping concentrations of the
n-type regions determine whether it is the emitter (highly doped) or the collector (lightly
doped). The application of small input biases across each of the two junctions can allow
for the control of electrons and holes between the regions by changing the separation of the
energy bands. This small voltage control knob serves to modulate much larger currents. It
is important to note that due to the higher mobility of electrons relative to holes, npn BJTs
tend to operate faster than their counterparts, pnp BJTs, and allow greater currents.
In its simplest case, a BJT can be formed by performing two diffusion steps, alternating
the doping species in each case. For example, to create an npn BJT structure in silicon, one
would begin with an n-type silicon wafer, then diffuse and drive a p-type species (boron)
followed by the diffusion of an n-type species (phosphorous). Factors such as diffusion
temperature and duration, as well as the doping concentration of the initial substrate, affect
the overall doping profile of a BJT, thus altering the device characteristics during operation.
BJTs can also be created using ion implantation, which leads to abrupt changes in the doping
concentration profile within the device.
2.3 Plasma Bipolar Junction Transistor
The plasma bipolar junction transistor (PBJT) is a new type of photonic device that il-
lustrates the interaction of e−-ion and e−-hole plasmas across a narrow potential barrier,
mediated by a strong electric field provided by the sheath of the gas phase plasma. Integra-
tion of a plasma with a semiconductor emitter and base yields a phototransistor having a
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light-generating collector and the ability to modulate and switch the collector plasma with
voltages as small as ≤ 1 V applied to the emitter-base junction.
2.3.1 Device Fundamentals
A simplified drawing of the PBJT is shown in Fig. 2.4. The primary difference between this
Figure 2.4: Drawing of a plasma BJT in which the collector plasma is confined within a
cavity.
device and a conventional npn bipolar junction transistor is the substitution of a plasma
for the n-type collector. A potential difference between the anode at top and the p-type
base generates a plasma confined within a dielectric cavity (blue in Fig. 2.4). For clarity, a
portion of the dielectric has been cut away. The injection of current from the semiconductor
into the plasma provides the ability to modulate and switch the plasma. The direction of
current flow at each of the terminals, shown in Fig. 2.4, is dictated by convention. Also,
although a planar electrode is presented in the diagram, other anode geometries have been
used and have been shown to alter the characteristics of the device.
Electron and hole flow in the PBJT, shown in Fig. 2.5, resembles that of a traditional
npn BJT with the addition of two new components: photogenerated electrons and holes
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Figure 2.5: Generalized diagram of a plasma BJT operating in the normal mode in which
the emitter-base junction is forward-biased. All red and blue arrows indicate the direction
of local electron and hole flow, respectively: (1) Electrons reaching the plasma collector
anode; (2) Electrons lost to recombination in the base; (3) Photogenerated electrons; (4)
Photogenerated holes; (5) Ion current (Plasma) / Hole current (Semiconductor); (6) Ejected
electrons from ion impact or neutralization; (7) Holes injected into emitter. The green arrow
represents plasma-produced photons incident on the p-type silicon base.
that result from photons (from the plasma) impinging on the base, and hole current from
ions incident on the cathode surface. During normal, or active, mode operation of a BJT
transistor, the emitter-base junction is forward-biased and the base-collector junction is
reverse-biased. The forward-biased emitter-base junction injects electrons from the emitter
into the base, where they diffuse across the thin semiconductor base region. Upon reaching
the reverse-biased base-collector junction, the electrons are swept into the collector as a result
of the high electric field present in the depletion region of the junction directed toward the
base. In the PBJT, the high electric field within the cathode fall of a plasma replaces
the electric field present in a reverse-biased junction. Due to the high mobility of charged
particles within the plasma as discussed earlier, the electrons drift quickly to the anode under
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the influence of the local electric field in the plasma, EP . This allows the plasma collector
to be much larger than that for a conventional transistor without compromising response
time.
Although the physics of the PBJT is similar in several respects to that of a conven-
tional npn BJT, the plasma collector has several distinguishing characteristics, each of which
greatly influences the behavior of the transistor. Unlike a conventional transistor, the plasma
is in a constant state of avalanche, resulting from ionizing collisions between electrons and
neutrals to sustain the discharge, whereas the semiconductor is in a non-avalanche mode.
In a typical semiconductor system, once avalanching occurs, the entire device is effectively
shorted and no longer operates as intended. Electron-neutral collisions in the gas phase
plasma are also responsible for atomic and/or molecular radiation. Furthermore, photons
with energies above the Si bandgap (1.1 eV) are produced by the plasma, impinge on the
base, and generate e−–h+ pairs at or near the reverse-biased base-collector junction. Swept
into the collector, photogenerated electrons contribute to the total current flowing through
the plasma whereas photogenerated holes either replace holes lost in e−–h+ recombination
in the base or are injected into the emitter, thereby contributing to both iB and iE. Because
the base of the PBJT is exposed and the collector plasma is generally optically thin, exter-
nal radiation is also capable of producing e−–h+ pairs at the base-collector junction and the
PBJT behaves as a phototransistor.
A partial energy band diagram for the npn PBJT, displaying only the spatial variation
of the conduction band edge energy EC but illustrating the importance of the electric field
imposed by the plasma on the collector-base interface, is shown in Fig. 2.6. Much of the
voltage required to sustain a plasma is dropped across the sheath (or cathode fall region)
which, in a PBJT, extends to the surface of the base. The cathode fall comprises only a
portion of the overall depletion layer at the junction. The depletion region that is created
in the semiconductor base is dependent upon the parameters of the plasma and will be ap-
proximated through several calculations in the next section. In silicon-vacuum experiments,
surface photovoltage spectroscopy [18] as well as time-of-flight scattering and recoiling spec-
trometry [19] have shown downward band bending for p-type silicon-vacuum interfaces while
n-type silicon exhibits upward band bending. The pinning of the conduction band at the
13
Figure 2.6: Qualitative energy level diagram for the PBJT under normal mode operation.
For clarity, the spatial variation of only the conduction band edge EC is shown. The electric
field existing in the sheath of a low temperature plasma EP serves to reinforce the built-in
electric field at the surface of the p-type silicon base that is the result of Fermi pinning
(E INT ), yielding the resultant field, E. The height of the vacuum barrier has, for illustrative
purposes, been reduced.
interface of silicon and vacuum is further reinforced by the intense electric field of the cath-
ode fall region of the collector plasma. It is believed that the tunneling barrier (∼4 eV [19]
but shown in Fig. 2.6 reduced in height) changes thickness and/or height as a function of
the plasma parameters.
Although the surface physics at the plasma-semiconductor interface is still under inves-
tigation, electrons in the conduction band near the interface can experience one of several
scenarios: (1) Electrons tunnel directly through the barrier and enter the plasma; (2) Elec-
trons collect at the surface due to the height of the barrier; (3) Electrons surpass the height
of the barrier and enter the plasma; (4) Electrons are ejected into the plasma from photons
absorbed on or near the surface; (5) Electrons are ejected from the energy of an ion collision
with the surface or neutralization.
For an electron temperature and number density of 2 eV and 1013 cm−3, respectively, and
an assumed width of the plasma sheath of 10 λD (where λD is the electron Debye length),
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the sheath electric field strength is estimated to be ∼6·104 V/cm for an applied voltage of
200 V. Now, using the equation for the depletion width of a pn junction
W =
√
2(V0 − Vapp)
q
(
1
Na
+
1
Nd
)
(2.4)
in conjunction with the equation for the maximum electric field of a pn junction
E0 = −q

W
NaNd
Na +Nd
, (2.5)
we see that the electric field for an abrupt n+-p junction for which the donor and accep-
tor number densities are 1018 cm−3 and 1015 cm−3, respectively, and the bias is -10 V,
is approximately ∼5.7·104 V/cm. Therefore, the presence of the sheath electric field at
the base-collector interface has the same effect as the imposition of a reverse bias on the
base-collector junction of a conventional BJT. In order to create a functioning device as
envisioned above, several calculations were carried out to predict approximate values for the
construction of the device as well as to gain insight to basic operational parameters.
2.3.2 Preliminary Design Calculations
In order to determine if the envisioned structure was feasible, calculations were performed
employing several basic assumptions. These initial calculations were necessary to assure
that such a structure would be operational, and would provide estimates of basic operational
parameters, such as gas pressure and plasma voltage. From Poisson’s equation, it is known
that the potential at a junction is continuous. Thus, the electric field, which is the derivative
of the potential, for both sides is equal at that junction. The calculations that follow assume
an abrupt base-collector junction. To attain efficient transistor action, a thin base is desirable
for the transport of minority carriers. However, since a large electric field is associated with
the cathode fall, the concerns of avalanche breakdown and punch-through must be taken
into consideration when determining the thickness of the base.
The breakdown electric field of a one-sided silicon pn junction at room temperature can
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Figure 2.7: Breakdown electric field as a function of p-type semiconductor doping for an
abrupt, one-sided n+-p junction.
be determined from the empirical expression [20]
|Ebr| = 4 · 10
5
1− 1
3
log( N
1016
)
V/cm. (2.6)
Figure 2.7 illustrates the breakdown electric field for a range of p-type doping concentrations
for such a junction.
With an approximate value for the maximum electric field, we now have an upper bound
in determining what the maximum operational pressure for the device should be. The electric
field at the cathode of a discharge can be approximated by the expression
E ≈ E0(1− z
d
) (2.7)
where E0=
2Vc
d
, d is the sheath thickness, z is the distance from the cathode, and VC is the
cathode voltage. The sheath thickness can be computed from an appropriate pd value. It
has been noted that the pd values for DC microplasma devices operated in Ne are in the
range of 2-8 Torr-cm [6, 21]. Assuming a plasma voltage of 200 V and pd of 2 Torr-cm,
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Figure 2.8: Electric field at the cathode surface for a given gas pressure.
Fig. 2.8 shows the electric field strength at the cathode for a given pressure of Ne. It is
desirable to choose gas pressures that correlate with cathode electric field values that are
comparable to the breakdown electric field values for a specified semiconductor base doping,
thus preventing avalanche breakdown.
The last point of concern is determining the minimum thickness of the base in order to
prevent punch-through. Using the expression for the maximum value of the electric field in
a pn junction
E0 = −q

Naxp0 (2.8)
in conjunction with the empirical formula for calculating the breakdown electric field, the
depletion depth in the p-type base can be determined. Figure 2.9 shows the depletion depth
at the breakdown electric field for a range of substrate doping densities.
The initial calculations proved crucial in providing a foundation for designing, fabricating,
and testing the envisioned device.
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Figure 2.9: Depletion depth in silicon based on the substrate doping at the critical electric
field.
2.4 Dual Junction Microplasma Device
The dual junction microplasma (DJM) device is a new silicon microcavity plasma structure
that was developed for applications in which ultra-high speed and resolution are required.
The device utilizes two pn junctions that are separated by a microcavity or microchannel and
are powered by alternating half-cycles of a time-varying voltage waveform. The microplasma
is produced throughout the cavity between the pn junctions and a dielectric layer isolates the
microplasma from the pn junctions. Both common electrode and fully addressable versions
of the DJM device have been fabricated, with an active matrix addressing scheme to drive
the addressable arrays.
2.4.1 Device Fundamentals
A partial cross-sectional diagram of the DJM structure is shown in Fig. 2.10. The substrate
is a p-type silicon wafer with two diffused n-type junctions, one on each face of the wafer.
The n-type regions on each side are common throughout a DJM array. A dielectric coating
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Figure 2.10: A schematic cross-sectional view of two cavities in a common electrode DJM
array.
encompasses the entire structure to allow for AC plasma operation. The p-type silicon
region is grounded and the top and bottom pn junctions are driven with separate voltages.
Although the device can be driven using a wide variety of voltage waveforms, square waves
are shown in Fig. 2.10 in order to simplify the device operation description.
Considering the lower of the two pn junctions, the voltage VB2 is positive in the first
half-cycle of the waveform; therefore, the pn junction extending along the bottom of the
structure is reverse-biased. If the magnitude of VB2 is sufficiently large, a microplasma will
be produced in each of the microcavities because of the fringing electric field produced by
the reverse-biased pn junction.
During the first half-cycle of the driving waveforms when the lower pn junction is reverse-
biased, the upper pn junction is shorted because VT1 = 0. However, in the second half-cycle,
VT1 ≥ 0 and now the top junction is reverse-biased. Consequently, a microplama is now
generated in the upper portion of the microcavity. However, negative charge deposited
on the dielectric layer on the lower portion of the microcavity wall (or still in the gas)
during the first half-cycle of the waveform gives rise, in the second half-cycle, to an electric
field extending from the top to the bottom of the microcavities of Fig. 2.10. This field
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accelerates the electrons remaining from the first half-cycle toward the upper pn junction,
thereby producing a microplasma along the entire length of the microcavity and not just in
the vicinity of the pn junction.
The situation described above for the second half-cycle of both waveforms continues in
the third half-cycle but now the roles of the two sets of pn junctions switch. During this
time, the lower pn junction is reverse-biased and residual negative charge (electrons) from
the second half-cycle resides on the dielectric layer on the cavity walls and in the gas. Thus,
the electric field during this half-cycle points upwards (bottom to top) and plasma is again
generated along the entire length of the microcavity, not only in the vicinity of the lower,
reverse-biased junction. The separation of two reverse-biased pn junctions by a microchannel
or microcavity provides a mechanism to produce plasma along the entire microcavity and not
solely in the vicinity of the pn junctions at the lower and upper portions of the microcavities.
Figure 2.11 illustrates the migration of negative charge between the top and bottom pn
junctions (electrodes) as the voltages VT and VB of Fig. 2.10 alternate in polarity. The left
Figure 2.11: Illustration of electron migration within a DJM device during alternate half-
cycles of the driving voltage waveform.
panel of Fig. 2.11 illustrates the situation at the end of the second half-cycle of both voltage
waveforms (described above). At this point, the top n-type region is biased positive with
respect to the bottom n-type region. Negative charge is, therefore, attracted to the positive
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top electrode and resides on the walls as well as in the gas phase. In the following half-cycles,
the lower n-type region is biased positive with respect to the upper n-type region and the
electric field is now pointing upwards. Electrons are accelerated towards the bottom n-type
region, undergoing collisions along the way and producing plasma. At the end of this half
cycle, the electrons reside on the dielectric in the vicinity of the lower pn junction.
The dielectric layer shown in Figs. 2.10 and 2.11 serves to passivate the semiconductor,
protect the semiconductor surface, and enhance the secondary electron emission coefficient.
More importantly, without a dielectric layer the migration of negative charge between the
two n-type regions would not occur or would be severely hampered, and plasma would
predominantly be produced only in the region of the microcavity in close proximity to the
pn junctions.
A fully addressable version of the DJM device structure is shown in Fig. 2.12. Each of
Figure 2.12: A schematic cross-sectional view of three cavities in a fully addressable DJM
array.
the lower pn junctions is excited by its own voltage waveform in the fully addressable device.
Adjacent devices are electrically isolated by trenches having lengths exceeding the maximum
width of the depletion regions of the lower pn junctions when they are reverse-biased. The
upper pn junctions continue to be driven by a common waveform in a manner similar to
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that of Fig. 2.10. Turning off any of the microplasmas of Fig. 2.12 during any voltage cycle
requires only setting VB2 = 0 during that cycle.
2.4.2 Preliminary Design Calculations
Several calculations were performed employing basic assumptions to determine if the envi-
sioned structure was feasible. Of interest were two important quantities: the breakdown
voltage and capacitance of the pn junctions.
The voltage necessary to strike a plasma discharge in the structure is assumed to be
1 kV, which is a reasonable estimate determined from prior microplasma research. This
dictates that the breakdown voltage of the pn junction must be greater than or equal to 1
kV. If the breakdown voltage of the pn junction is exceeded, avalanche breakdown occurs,
allowing current to flow across the two regions. Avalanche breakdown is dependent upon
the maximum electric field in the depletion region. If the electric field is sufficiently strong
to cause an electron to successfully ionize an atom, an e−–h+ pair is created and the newly
generated electron will undergo acceleration from the electric field to ionize yet another
atom. This avalanche of electrons will continue in the presence of the high electric field.
The breakdown electric field of silicon at room temperature can be determined from the
empirical expression defined in Eq. 2.6. From this, it is possible to calculate the potential
that will break down a one-sided abrupt junction from the relationship [22]
|Vbr| = |Ebr|
2 
2qN
(2.9)
as well as the width of the depletion layer
Wbr =
|Ebr| 
qN
. (2.10)
Assuming a one-sided n+-p junction, Fig. 2.13 shows the breakdown voltage for a range
of p-type doping concentrations. Once a doping concentration for achieving breakdown
beyond 1 kV is chosen, it is important to calculate the width of the depletion region at this
bias. If the depletion width of one of the pn junctions extends to the other n-type region,
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Figure 2.13: Breakdown voltage as a function of the p-type semiconductor doping for an
abrupt n+-p junction.
the device is shorted and does not function. Also, in the fully addressable version of the
DJM device, it is important to create trenches that are deeper than the maximum depletion
width of a pixel to ensure that there is complete isolation between each of the cavities.
Therefore, the thickness of the device (or wafer) is calculated to be at least twice that of
the maximum depletion width at breakdown, while the trench depth is set at the maximum
depletion width. Figure 2.14 shows the breakdown depletion width as a function of varying
p-type doping concentration. For a breakdown down voltage of 1 kV, the corresponding
depletion width is approximately 80 µm.
The total capacitance is comprised primarily of the junction capacitance (Cj). Capac-
itance measurements for the common electrode and the individual pixel sides of the DJM
device must be made to establish the requirements for the driving voltage system. It is also
important to note that the capacitance of the system changes as a function of the applied
reverse-bias voltage. The capacitance of a one-sided pn junction is given by [3]
Cj =
A
2
√
2q
V0 − V Na, (2.11)
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Figure 2.14: Maximum depletion width at the breakdown voltage.
an expression that provides a suitable approximation for the DJM device. Figure 2.15
plots the areal capacitance of an n+-p junction as a function of applied reverse-bias for
a p-type doping concentration of 1014 cm−3. Assuming a junction area of (6.325 cm)2,
the corresponding capacitance on the common electrode portion at 1 kV of reverse-biased
potential is approximately 1 nF. Looking now at a single independent pixel on the opposite
side with an area of (50 µm)2, this pixel has an approximate junction capacitance of 7
fF. However, taking into account the interpixel capacitance that arises from the trenches
that surround a single pixel yields an overall capacitance of approximately 150 fF. These
calculations were vital for the selection of wafer doping, wafer thickness, and the necessary
driving electronics for the device.
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Figure 2.15: Variation in junction capacitance as a function of reverse-bias voltage.
25
CHAPTER 3
EXPERIMENTAL TECHNIQUES
3.1 Plasma Bipolar Junction Transistor
3.1.1 General Considerations
Several important structural device considerations are taken into account in order to attain
transistor action. The first consideration is to have a thin base, as is typical in a BJT.
The base must be sufficiently thin to allow electrons to cross the base region with minimal
recombination. However, it must also be thick enough to prevent punch-through, or the
extension of the base-collector depletion region to the emitter-base depletion region. The
second consideration is to preserve the doping profile of a BJT. This ensures that the quantity
of electrons leaving the emitter is far greater than the number of holes entering the emitter.
A base transfer factor and emitter injection efficiency near unity yield a current transfer
ratio that also approaches unity, resulting in high transistor gain. The doping concentration
of the base will also affect the maximum electric field at the base-collector junction, altering
the necessary field for avalanche breakdown. The last consideration is the creation of a
microcavity for the plasma. Based on the Paschen curve relations [2], the breakdown voltage
required to ignite a plasma is unaltered so long as the product of the gas pressure and
electrode distance remains within a given interval. Thus, high pressure (100-760 Torr)
plasma operation with a smaller electrode spacing is possible, and in fact microplasmas have
been generated in microcavities as small as 5 µm. Operation in this pressure range has
two benefits: it reduces the degree of sputtering at the electrode surface and it generates a
plasma with an increased electron density, which results in increased light output and device
conductivity.
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3.1.2 Microfabrication Procedure
All devices were fabricated at the University of Illinois on 100 mm diameter silicon-on-
insulator (SOI) wafers comprising two boron-doped Si regions, a 350 µm handle layer and
15 µm device layer, separated by a 2 µm thick SiO2 layer. The background doping density
of the base was ∼1015 cm−3 (corresponding to a resistivity of 1 - 10 Ω-cm) and the process
sequence was designed to yield an n+-p junction near the upper surface of the 15 µm thick
p-type silicon region.
The following discussion will summarize the overall procedure for fabricating the PBJT.
The wafer is first subjected to an RCA clean to remove all organic and ionic contaminants,
followed by a thermal oxidation to grow approximately 0.5 µm of SiO2. Afterwards, both
sides of the wafer are coated with photoresist and the device layer side is patterned to the
shape, size, and location of the cavity that will be formed on the opposite side later in
the process. The oxide is etched using buffered oxide etch (BOE). Next, a phosphorous
predeposition diffusion process is performed, forming an n+ emitter with a donor number
density that falls from 1020 cm−3 at its upper surface to ∼1015 cm−3 at a depth of ∼300 nm.
Afterwards, photoresist is used to cover both sides of the wafer and patterned to remove
oxide from desired locations (using BOE) to allow access to the semiconductor for contact.
Approximately 200 nm of aluminum is evaporated on each side of the device, followed by
a third lithographic step where photoresist is again spun on both sides and patterned to
define the electrode shapes. Aluminum etchant is used to selectively remove the metal
from unwanted regions. After stripping off the photoresist, the wafer is placed in a low
temperature (475 ◦C) tube furnace for annealing to ensure ohmic metal contacts. Finally,
photoresist is spun on both sides and the handle side of the wafer is patterned, based on
the desired cavity dimensions. Oxide on the surface is removed with BOE and the wafer
is etched by an inductively coupled plasma (ICP) Bosch process. The base is exposed by
placing a single droplet of BOE in the newly formed cavity to etch the buried oxide. Once
the device has been completed, all photoresist is removed. Figure 3.1 is a cross-sectional
diagram illustrating the completed device. The metal contacts to the emitter and base region
are shown in Fig. 3.2. A single 100 mm wafer can produce at least 20 devices — circular
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cavities of 500 µm, 1 mm, 3 mm, and 5 mm in diameter were fabricated using the initial
mask set. The entire fabrication procedure is summarized in Fig. 3.3.
Figure 3.1: (Top) Cross-sectional diagram (not to scale) of one configuration of an npn PBJT
that has been fabricated and tested.
Figure 3.2: Top view of PBJT device structure highlighting contact metal pattern.
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Figure 3.3: Cross sections illustrating the process flow for the fabrication of a PBJT device.
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3.1.3 Device Wiring and Packaging
A completed PBJT device with a 3 mm cavity is shown in Fig. 3.4. The initial attempt to
Figure 3.4: Completed PBJT device with circular cavity (3 mm diameter).
mount and establish electrical contact to the device was accomplished with the aid of three
6-inch pieces of 30 AWG insulated wire, silver paint, Loctite Hysol 1C vacuum sealant, and
an aluminum plate having an area of 3 × 3 square inches. The wires were placed on the
electrodes, covered with silver paint, and secured in place with the application of vacuum
sealant on top of the electrical connection. Additional vacuum sealant was used to secure
the device onto the aluminum plate, which was placed inside the vacuum chamber. An
external platinum anode was also attached to the device during the assembly phase as an
alternative means of initiating the plasma discharge. A finished 5 mm device is seen in
Fig. 3.5. Unfortunately, due to complications with the buried oxide layer of the SOI wafer,
device operation was achieved with the external anode only. This required the application
of additional vacuum sealant on the exposed handle silicon layer to prevent an undesired
discharge to the floating ground. Operation of the device in 25 Torr of Ne is shown in Fig.
3.6.
Although the device was operational and the data presented in the next chapter were
obtained using the aforementioned device, one of the biggest problems was lifetime. After
a few hours of operation, the silicon surface (cathode) was covered with a film, eventually
blocking transistor operation. It is believed that the source of this contamination (unwanted
30
Figure 3.5: A 5 mm PBJT device with external anode placed inside vacuum chamber for
testing.
Figure 3.6: Same 5 mm PBJT device as in Fig. 3.5 operating in 25 Torr of Ne.
film) was the surrounding vacuum sealant, which most likely sputtered as a result of being
in the presence of the plasma. The cathode surface after several hours of operation is shown
in Fig. 3.7. In order to remedy this problem and create a device whose characteristics
would not deviate over extended testing, a two-pronged approach was adopted: pursuing
new materials as well as packaging setups for outside-chamber operation.
A number of materials, ranging from glass frits to ceramics to alternate vacuum compat-
ible sealing epoxies, were tested in order to find compatible matches with the constituents of
the PBJT. The goal was to replace the use of the Hysol vacuum sealant with a non-organic
compound that would allow for higher temperature bakeouts. Prior to operation, the device
setup would be baked at a approximately 400 ◦C, desorbing most contaminants and water
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Figure 3.7: Unwanted film on cathode preventing transistor action of the PBJT.
vapor, in particular. Factors such as the chemical reactivity with metals, coefficient of ther-
mal expansion (CTE), and the ability to successfully wet both bonding surfaces required a
great deal of attention during material selection.
A new encapsulation structure, shown in Fig. 3.8, was designed to seal the desired gas
and operate the device outside the vacuum chamber. This structure was created using 7740
Pyrex and metal electrodes were inserted into the Pyrex structure using uranium glass. A
tungsten anode, shown as the metal line that is lowered through the center piece (located on
the left of the structure), was chosen for its non-reactive characteristics. To aid in the removal
of additional undesired materials from the structure, an SAES St 171 non-evaporative getter
(shown on the right side of the structure) was used to absorb all compounds and gases, with
the exception of noble gases. This zirconium-graphite sintered porous getter is activated at
900 ◦C using a resistive heating element that is embedded in the device. Once activated,
gases that diffuse through the pores inside the getter mass are adhered to the large available
surface area. This structure was lowered onto the PBJT device and the two were bonded to
each other with the use of a glass frit paste. A custom Schott glass frit paste was used, with
the ability to wet both Pyrex and silicon and yet having an equivalent coefficient of thermal
expansion of approximately 3 ppm/◦C.
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Figure 3.8: Pyrex structure used for creating a sealed PBJT device.
3.1.4 Vacuum System
Operation of PBJT devices was performed in an environment filled with research grade gases
or mixtures of gases, with the common choice being Ne. In order to create the desired test
conditions, it is necessary to evacuate all the air from the chamber. A schematic of the
vacuum system used for testing is shown in Fig. 3.9.
The main chamber consists of a view port to observe the plasma with standard photode-
tectors. A side port outfitted with electrical feedthroughs serves to connect the insulated
wires inside the chamber to outside testing equipment. The main chamber branches into
several independently controllable paths allowing for one of several options. It is possible
to connect the chamber to a roughing pump (base pressure 10−3 Torr), a turbomolecular
pump (base pressure 10−8 Torr), or to a gas handling system. The gas line is controlled
independently by its own valve. At the junction, a capacitance manometer measures the
pressure of the chamber and is active during the operation of the roughing pump down to
10−3 Torr. At a pressure of 10−3 Torr, the gate valve to the roughing pump is closed and
the turbomolecular pump is opened. At this time, the ionization gauge is used to read the
pressure of the system in the range of 10−3 Torr down to 10−8 Torr. Once the chamber is
pumped down to high vacuum, the turbopump is gated off and the chamber is filled with
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Figure 3.9: Schematic of vacuum system.
gas. The pressure of the gaseous environment inside the chamber is set by the capacitance
manometer. In the case of preparing an external device, the gate valve to the main chamber
is closed while the gate valve to the external port is left open.
3.2 Dual Junction Microplasma Device
3.2.1 Microfabrication Procedure
All devices were fabricated at the University of Illinois on 100 mm diameter p-type silicon
wafers that were 420 µm thick. The background doping density of the wafers ranged from
5·1013 cm−3 to 1·1014 cm−3, corresponding to resistivities of 133 Ω-cm to 265 Ω-cm. The
following discussion will summarize the overall procedure of creating the DJM device.
The wafer is first subjected to an RCA clean to remove all organic and ionic contaminants,
followed by a thermal oxidation to grow approximately 0.75 µm of SiO2. The first lithography
step is performed and the oxide is selectively etched using a Freon RIE plasma to define the
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primary alignment marks for all future lithography steps. Next, the second lithography is
performed on both sides (aligned to the primary alignment targets) to define windows in the
oxide for phosphorous diffusion. Once the oxide is etched, the resist is removed and the wafer
is placed in a phosphorous predeposition diffusion furnace to introduce the n-type dopant.
Afterwards, both sides of the wafer are coated with ∼150 nm of PECVD SiO2, to act as a
capping layer to prevent outdiffusion, and the wafer is placed in a drive furnace for 12 hours
at 1150 ◦C to create a junction that is nearly 13 µm beneath the surface. Once the diffusion
is complete, all oxide, with the exception of the areas that define the alignment marks, is
removed to prevent any further outdiffusion during later high temperature processing steps.
One of the most difficult aspects of the procedure is the DRIE step that creates through-
holes, which later become the plasma cavities, and the trenches, which are required for
addressable devices. A lithography step to define the isolation trenches, designed to be 5 µm
wide and 200 µm deep, for the addressable devices is performed. A carefully crafted Bosch
etching recipe is used to etch the silicon with near perfect precision, as shown in Figs. 3.10
and 3.11.
Figure 3.10: Side profile SEM image of the etched trenches taken after cleaving the silicon
wafer through an array.
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Figure 3.11: SEM image showing the trench pattern for a single addressable die.
After successfully etching the trenches, another lithography step is performed on the
opposite side to define the cavities. A double-sided aligner is used to align this top mask
to within 3 µm of the bottom etched trenches. Different cavity shapes (squares, circles,
and L-shapes) were included in the wafer and the characteristic dimensions of these cavities
ranged from 18 µm to 72 µm. Another custom etching recipe is used to etch these features
through a 420 µm wafer with little or no deviation in shape and size between the two sides,
as shown in Figs. 3.12 and 3.13.
Once the etching is complete, a thin layer (∼200 nm) of PECVD oxide is deposited on
both sides of the wafer to again act as a capping layer for phosphorous out-diffusion. The
wafer is then thermally oxidized to create a 1 µm passivation layer of SiO2 on all exposed
silicon surfaces and, in particular, the walls of the cavities and the isolation trenches.
Once the wafer has been fully passivated, another lithography step is performed to pattern
and etch the SiO2 down to silicon to establish electrical contact. Due to the inability to spin
photoresist onto a wafer with through-holes, a new photoresist transfer technique, developed
at UIUC [23], is used to transfer liquid resist into a flat sheet that can be applied over the
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Figure 3.12: Side profile SEM image of a circular etched cavity taken after cleaving the
silicon wafer through an array.
Figure 3.13: SEM image showing a portion of a circular cavity array.
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holes and trenches. After successfully exposing and developing the photoresist, the SiO2 is
etched using a Freon RIE, metal is sputtered, and liftoff is performed. The same process is
repeated on the other side of the wafer to establish contacts. A microscope image taken of
the topside of a finished DJM die is shown in Fig. 3.14.
Figure 3.14: Microscope image showing the top electrical contact for a single die.
A total of 532 dies, each having a 16 × 16 cavity array, were produced on a single 100
mm wafer, allowing one to test a variety of cavity sizes, shapes, and intercavity spacings in
both common electrode and fully addressable versions.
3.2.2 Device Wiring and Packaging
A completed DJM device wafer is shown in Fig. 3.15. Unlike any previously fabricated
microplasma devices, the dimensions of the independent dies were too small to establish
contact using previous methods used in our laboratory. A single die is approximately 3 mm
× 3 mm. Common electrode devices have two electrical contacts on the backside and one
on the topside, while addressable devices have 257 (one p-type and 256 independent n-type)
contacts on the backside and one on the topside.
All dies were cut using a diamond saw along alignment marks that were placed between
dies during the fabrication process. Afterwards, each die was flip-chip bonded to a leadless
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Figure 3.15: Topside view of a 100 mm DJM wafer showing a total of 532 dies.
chip carrier using indium bumps. A leadless chip carrier attached to an addressable DJM
array is shown in Fig. 3.16. Topside contact was established by wire bonding gold from the
Figure 3.16: Backside view of a fully addressable DJM die attached to leadless chip carrier.
single n-type contact electrode to a metal strip on the leadless chip carrier. A metal spacer
with a tube extension was glued to the leadless chip carrier, followed by the attachment of a
window to create a vacuum seal. The die enclosure was evacuated and filled with the desired
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gas or gas combinations using the procedure highlighted in Section 3.1.4. Afterwards, the
device was sealed and removed from the chamber, and driving electronics were attached to
the device.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Plasma Bipolar Junction Transistor Results
4.1.1 Test Circuit and Equipment
For testing purposes, nearly all PBJTs fabricated to date have been characterized with the
simple circuit shown in Fig. 4.1. By inserting a solid dot into the collector lead, the symbol
Figure 4.1: PBJT in a simple external test circuit.
chosen for the PBJT reflects the integration of a gas phase plasma into a semiconductor
device. Electron tubes containing a gas (such as the OA to OD series of voltage regulators
and switches) were, in the mid-20th century, denoted by a dot within the tube envelope.
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The DC collector supply voltage (VCC) necessary to create the plasma discharge was
provided by an SRS PS 300 series high voltage power supply. The input voltage (VIN) used
to modulate the base was supplied by an Agilent 33220A arbitrary waveform generator,
which could provide a 10 V peak-to-peak signal and operate at a maximum frequency of 20
MHz. Measurements, up to eight channels of simultaneous data, were acquired using probes
(high voltage, current, photodiode, etc.) that were connected to two, four-channel Tektronix
2024B oscilloscopes. The acquisition and storage of the data was controlled by MATLAB on
a separate computer. For most measurements, a 5 kΩ resistor was used as the base resistor
(RB) while the collector resistor (RC) was chosen to be either 15 kΩ or 67 kΩ.
4.1.2 Current-Voltage (IV) Characteristics
Amplification and Switching
The PBJT demonstrates both the amplification and switching characteristics of a transistor.
To probe the temporal dynamics of the device, several different waveforms were applied to
the base and representative results are given in Figs. 4.2 and 4.3. Using a point anode, a low
frequency (2 Hz) sinusoid having a peak-to-peak voltage of 2 V applied to the base resistor
yields (Fig. 4.2) a collector-emitter voltage (VCE) waveform that is clearly saturated. The
“swing” in VCE is ∼54 V, thus yielding a voltage gain of 27, and the collector current and
VCE waveforms are mirror images of one another. Applying a 400 Hz square wave to the
base resistor results in the behavior shown in Fig. 4.3. A square wave driving voltage was
chosen to illustrate the influence of the emitter-base capacitance on the voltage and current
risetime attainable at the collector. Calculated to be 2 nF for the device of Fig. 3.1, the
emitter-base capacitance limits the risetime of VCE to ∼100 µs, which is replicated by the
temporal history of the relative intensity of the collector emission. A 50% increase in light
output was recorded by a photodiode for an 800 mV base signal and is shown by the bottom
panel of Fig. 4.3.
By lowering the VCC potential close to the plasma turn-off threshold, it is possible to
switch (fully extinguish and reignite) the collector plasma by modulating the base with a
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Figure 4.2: Waveforms recorded for a PBJT having a collector cavity 5 mm in diameter, pNe
= 25 Torr, and VCC = 300 V.
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Figure 4.3: Data similar to Fig. 4.2 but acquired for a square wave voltage input to the
PBJT, RB = 5 kΩ and RC = 15 kΩ. “PD” denotes the relative emission intensity recorded
with a photodiode.
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Figure 4.4: Data illustrating switching capabilities of a PBJT with a 5 mm diameter cavity,
with RB = 5 kΩ and RC = 15 kΩ.
small voltage, as shown in Fig. 4.4. The data show that a 15 Hz sinusoid with a 2 VPP
signal superimposed onto a 0.4 V DC offset voltage is able to extinguish the collector plasma
when the base voltage reaches -0.5 V.
Aside from the modulation and switching data presented, temporal data were also col-
lected using a planar anode electrode geometry. The characteristics of the device, shown in
Fig. 4.5, differed from what was previously observed and switching of the collector plasma
was not attainable. This is likely due to the weaker, evenly distributed electric field across
the planar surface, as opposed to the highly concentrated electric field strength located near
a sharp tip, as noted in corona discharges [1].
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Figure 4.5: Data illustrating voltage and current amplification (3 mm diameter cavity) using
a planar anode electrode.
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Collector Current Characteristics
A set of 14 collector current (iC) – base current (iB) characteristics for a PBJT with a collector
cavity diameter (d) of 3 mm is presented in Fig. 4.6. Data are given for VCC varied in 10 V
Figure 4.6: Collector current (iC) – base current (iB) characteristics for a PBJT having a
collector diameter of 3 mm and a Ne gas pressure of 25 Torr. The base-emitter junction is
driven by a 200 Hz sinusoidal voltage waveform with an RMS value of 2.8 V. RB and RC
(Fig. 4.1) are 5 kΩ and 67.2 kΩ, respectively, and VCC is varied in 10 V increments from
270 V to 400 V. Throughout these measurements, the collector anode was planar.
increments from 270 V to 400 V, a Ne gas pressure of 25 Torr, resistor values of RB and RC
of Fig. 4.1 fixed at 5 kΩ and 67.2 kΩ, respectively, and the emitter-base junction driven by
a 200 Hz sinusoidal voltage waveform at 8 VPP . Several general properties of these curves
are immediately apparent. Among them is the observation that, for all values of VCC , the
characteristics exhibit hysteresis. This effect is attributable primarily to charge present in
the base and will be discussed in greater detail in the next section. For the data of Fig. 4.6,
the maximum value of hfe, the small signal current gain, is approximately 3.
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It is also interesting to note from Fig. 4.6 that there is a positive collector current for
a negative base current. Although iB ≤ 0, the emitter-base junction is kept forward-biased
due to the plasma. At a certain point, the emitter-base junction is reverse-biased (denoted
by the dotted red line in Fig. 4.6) and the collector current is comprised of only two terms:
photocurrent resulting from the photons impinging on the Si base, and ion current from the
cathode sheath of the plasma. Unlike a typical semiconductor material that has majority
and minority carriers, a plasma has a near equal density of both charges in the bulk, and in
the sheath an ion density that surpasses that for the electrons, as shown in Fig. 2.1. Since
we are treating the plasma as though it were an n-type material, the ion density corresponds
to the minority carrier concentration within the plasma. An ion impinging on the surface of
the cathode can either release an electron from the surface, resulting in secondary electron
emission, or combine with an electron on the surface and become neutral. In either of these
scenarios, electrons are removed and holes are introduced, decreasing the minority carrier
concentration and increasing the majority carrier concentration in the p-type semiconductor
base. If one were to discount the photogenerated e−–h+ component of the base current
and hole diffusion current from the base to the emitter, the collector current would consist
entirely of ion current and the plots would shift further to the right and terminate at iC =
|iB|.
When the relative emission intensity of the collector plasma is monitored as a function
of VCC and iB, the set of characteristics given in Fig. 4.7 is obtained. Virtually identical to
the iC–iB curves of Fig. 4.6, these data confirm: (1) the correlation between iC and collector
emission and (2) the linkage between VCC , iB, and iC .
Before concluding this section, it is important to gain some insight into the mechanisms
at work during device operation by noting the electron and hole flow in the PBJT. A single
iC–iB plot (from Fig. 4.6) can be divided into three regions of operation: (1) The emitter-
base junction is forward-biased and iB ≥ 0; (2) The emitter-base junction is forward-biased
and iB ≤ 0; (3) The emitter-base junction is reverse-biased and iB ≤ 0. The first of these
scenarios has been presented earlier in Fig. 2.5. The other two cases are presented in Figs.
4.8 and 4.9. Although quantitative results are not available, the qualitative descriptions
serve as a starting point for exploring the physics of the device during operation.
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Figure 4.7: Photoemission intensity data acquired under the same experimental conditions
as those of the Fig. 4.6. Visible fluorescence from the collector plasma was monitored with
a photodiode.
Figure 4.8: Electron and hole flow for the scenario when the emitter-base junction is forward-
biased and iB ≤ 0. The description of arrows is identical to that of Fig. 2.5.
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Figure 4.9: Electron and hole flow for the scenario when the emitter-base junction is reverse-
biased and iB ≤ 0. All red and blue arrows indicate the direction of local electron and hole
flow, respectively: (1) Electron-hole recombination in the base; (2) Photogenerated electrons;
(3) Photogenerated holes; (4) Ion current (Plasma) / Hole current (Semiconductor); (5)
Ejected electrons from ion impact or neutralization.
Frequency Response
The frequency response of an electronic device is one of its most important attributes.
Unfortunately, excessive capacitance is one of the most prevalent factors diminishing device
performance. Due to the large collector diameters (d = 3 - 5 mm) of the PBJTs tested to
date, it is believed that the emitter-base depletion capacitance, which varies with applied
potential, significantly affects the voltage and current risetimes of the device in the temporal
plots shown earlier. It is important to note that during operation of the device, when a
plasma is present, a depletion layer is formed at the base-collector junction as well, which
adds to the overall dynamic capacitance of the device. This value is difficult to compute
since the precise thickness of the depletion width at the base-collector junction is not a trivial
parameter to obtain and, thus, it will be ignored for the moment. Figures 4.10 and 4.11
illustrate the operation of a 5 mm PBJT in 25 Torr of Ne for a range of emitter-base driving
frequencies.
It is evident that the hysteresis becomes more pronounced at higher frequencies and the
current gain of the transistor begins to fall off. To verify that the depletion capacitance
of the PBJTs at the junction was a significant contributor to the shape of the observed
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Figure 4.10: Collector current characteristics for a PBJT with a driving circuit and gas
environment identical to that of Fig. 4.6. Results are presented for several emitter-base
driving frequencies.
Figure 4.11: Photoemission intensity data acquired under the same experimental conditions
as those of Fig. 4.10.
curves, the junction characteristics of the emitter-base for a 5 mm and 500 µm device were
tested without the presence of a plasma. It was hypothesized that the junction capacitance
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of the 500 µm device would be sufficiently small to allow for higher frequency operation as
well as be free of any hysteretic behavior at the frequencies that were tested in Fig. 4.10.
The current-voltage characteristics of the emitter-base diode for each of the two devices are
illustrated in Figs. 4.12 and 4.13.
Figure 4.12: Current-voltage characteristics of a 5 mm PBJT emitter-base junction without
a collector plasma present.
Although capacitive effects were lessened in the smaller device, there was still a significant
deviation from the ideal operation of a diode at the frequencies tested. Using Eq. 2.11, the
junction capacitance of the 5 mm device was calculated to be 3.6 nF and 10.4 nF for applied
biases of -5 V and 0 V, respectively, while the calculated values of the 500 µm device were 0.1
nF and 0.3 nF for the same bias values. Although these smaller values of capacitance should
have produced a clean IV characteristic for the diode, one important factor was neglected
— the capacitance arising from the emitter metal electrode resting on the thin silicon oxide
layer. The emitter electrode area was identical for both devices and the resulting capacitance
was calculated to be ∼1 nF. While this constitutes only a portion of the capacitance of the
larger device, the areal metal capacitance surmounts all depletion capacitance for the smaller
device, preventing it from achieving better performance.
With improved design of the PBJT in the future, the driving frequency limitations, as
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Figure 4.13: Current-voltage characteristics of a 500 µm PBJT emitter-base junction without
a collector plasma present.
well as the hysteresis that is observed in the collector current plots, can be eliminated.
Ultimately, the limiting factor for how small the device can be in an integrated circuit is the
volume required to sustain the collector plasma for a given value of electron density. The
cathode fall is the necessary component of any plasma discharge and must be accommodated
to achieve a working device. To maintain a reasonable breakdown voltage for the plasma,
higher pressure operation is required for smaller electrode spacings, as discussed earlier with
respect to Paschen’s law. At one atmosphere of Ne, the approximate electrode distance to
minimize breakdown voltage is 66 µm, as shown in Fig. 2.2. Electron densities of ∼1015 cm−3
and temperatures of ∼1 eV have been reported for microplasmas at atmospheric operating
pressures [6]. Using the aforementioned values of ne and Te, a Debye length of 0.23 µm is
calculated and thus a cathode fall of ∼2.3 µm, or ten times the Debye length, is assumed.
Even at this small cathode fall thickness, the sheath capacitance for a given area will still
be smaller than the junction capacitance at the emitter-base junction when it is forward-
biased. Therefore, the physical size of the PBJT is dictated at present by the plasma, while
the operating frequency is limited by the semiconductor.
53
Factors Influencing Current Gain
The gain of a BJT is one of the most important characteristics of the transistor. Typical
commercial BJTs have a current gain (β) greater than 100, but β can be lower for high-
power applications. Data collected thus far with 5 mm PBJT devices operating at 25 Torr
of Ne indicate that the devices have a small signal gain (hfe) of approximately 3. In order
to use the PBJT as a possible circuit element, it is important to increase the gain of the
device. Although a number of factors exist for altering the dynamics of the plasma, the
easiest variables to modify were pressure and VCC of the circuit.
Due to hysteresis in the collector current plots, it is difficult to define the precise value of
gain, even though the two branches of a single plot share similar slopes. One may argue that
a line with a different slope may be drawn between the two branches of an iC–iB plot for
a given VCC . Although there is no option to remedy this issue with the current generation
of devices, it can be assumed that the lower branch of the plots represents the gain of the
device for the purposes of observing trends.
The gain of a 5 mm PBJT with a needle tip anode operating at various values of Ne
gas pressure and VCC is shown in Fig. 4.14. The plot, a linear least squares fit of the
data, clearly illustrates increased gain for an increase of either gas pressure or VCC . Both
parameters affect the characteristics of the plasma discharge, particularly the plasma sheath
profile at the cathode. As the pressure of the gas discharge for a given VCC is increased, the
number of electron-neutral collisions increases as well, yielding a greater electron density.
This reduces the Debye length of the plasma, and thus, the sheath thickness. The plasma
potential is now dropped across a shorter distance, increasing the electric field at the interface
which, in turn, increases the width of the depletion region within the semiconductor portion
of the junction. As the base-collector depletion region widens, the transistor characteristics
display the Early effect, otherwise known as base narrowing. A narrower base width decreases
the probability of e−–h+ recombination for the diffused emitter electrons, thus leading to a
larger gain for the device. Similarly, as VCC is increased at a given pressure (maintaining the
same sheath thickness), the electric field at the plasma-semiconductor interface increases,
contributing to the Early effect and the increased gain observed with the transistor. With
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Figure 4.14: Current gain of a PBJT as a function of Ne gas pressure and VCC .
higher pressure operation (at atmospheric pressure), the gain of a PBJT may be equivalent
to that of conventional BJTs.
While collecting the data above, an interesting observation was made. In a conventional
DC discharge, a particular plasma current corresponds to a unique plasma voltage, defining
the characteristics of the discharge. When altering the VCC bias of the PBJTs, it was
noted that for the same value of iC , current flowing through the plasma, different values of
VCE were observed, as shown in Fig. 4.15 for a 15 Torr discharge. The collector potential
(VCC) can be represented as the sum of three terms: VRC , the potential drop across the
collector resistor, VPlasma, the potential drop across the plasma (predominantly the voltage
drop across the cathode fall), and VDepletion, the potential drop across the depletion region
in the semiconductor that is induced by the plasma and defined by the electric field at the
cathode surface. VCE is the sum of VPlasma and VDepletion. If one assumes VPlasma to be
the same for two different VCC values at a given collector current, then VDepletion is the
only quantity that changes. However, by changing VDepletion, the value of the electric field
55
Figure 4.15: VCE as a function of VCC for values of plasma current (iC) between 0.2 mA
and 0.6 mA, in increments of 0.1 mA.
at the cathode surface must change, inherently modifying the profile of the plasma sheath.
Therefore, unlike a conventional discharge, a given plasma current does not define the same
plasma during the operation of the device.
4.1.3 External Optical Illumination
Observation of Phototransistor Characteristics
In an effort to investigate further the impact of e−–h+ pair production in the base on PBJT
operation, experiments were conducted in which the base of the PBJT was irradiated by
an external HeNe laser. The setup is shown in Fig. 4.16. With the collector plasma
extinguished, approximately 1.4 mW of 632.8 nm radiation is estimated to reach the base.
The incoming optical beam was chopped at 100 Hz and, for the sake of comparison, all
other experimental parameters were maintained at the same values as those of Fig. 4.6. The
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Figure 4.16: Experimental setup for acquiring e−–h+ pair production data.
impact of supplemental e−–h+ production on the iC–iB characteristics of the transistor when
VCC = 440 V is presented in Fig. 4.17. The data acquired when laser photons impinge on the
base (indicated by the red dots) are displaced to the left, owing to increases in both iB and
iC , and confirm that the saturated value of iC is determined by VCC . From the measurements
of Fig. 4.17, ∆iB ∼ 0.2 mA for a fixed value of iC . Since the reverse saturation current at
the emitter-base junction and electron recombination in the base are negligible, Kirchoff’s
law requires that ∆iB is the contribution to iC from carriers photogenerated in the base.
The amount of photocurrent generated as a function of material properties and incident
radiation power can be calculated using
Iph = (1−R)(1− eαd) q
hν
Pin (4.1)
where R is the reflectivity of the surface (∼ 34.8%), α is the penetration depth of the photons
(4·103 cm−1 at 632.8 nm), d is the distance into the material from the surface (in cm), h is
Plank’s constant, and ν is the frequency of the incident photon (4.74·1014 Hz). Assuming
contributions from photons without surface penetration (d = 0), the photogenerated current
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Figure 4.17: Impact on iC–iB characteristics of irradiating the PBJT base with 632.8 nm
photons from a HeNe laser. For these measurements, VCC = 440 V and the chopper frequency
was 100 Hz, but other experimental parameters were the same as those of Fig. 4.6.
noted in the experiment is equivalent to the absorption of 0.4 mW of 632.8 nm (~ω ≈ 2 eV)
photons in the base.
Observation of Optogalvanic Effect on Transistor Performance
To study the effect of plasma perturbation on the electrical characteristics of the device
during operation, a 3.39 µm HeNe laser was used to illuminate the Ne collector plasma
discharge of the PBJT. The energy of the photons from the laser source corresponds to 0.37
eV, which is less than the bandgap of silicon (Eg = 1.1 eV); thus, the photons impinging
on the silicon would not be able to generate e−–h+ pairs. Instead, these photons seamlessly
pass through the silicon lattice.
Performing this experiment with a sealed PBJT device was a non-trivial matter. Pyrex
is known to absorb strongly at 3.39 µm, so it would not be possible to aim the laser source
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Figure 4.18: A 5 mm PBJT device with an altered emitter contact electrode.
directly at the Ne plasma discharge. Also, the aluminum emitter contact on the topside
prevented the silicon from acting as an access point for the laser radiation. During the
fabrication of another batch of devices, the contact pattern was altered and a hole was
introduced for the emitter metal contact to allow for illumination of the plasma through the
exposed silicon, as seen in Fig. 4.18. During testing, it was noted that the plasma preferred
to discharge with portions of the silicon that were within the vicinity of the emitter contact
metal. Therefore, there was minimal plasma discharge at the center of the exposed base
where the hole was present for the HeNe radiation.
Unfortunately, there was no detectable effect on the PBJT using the 3.39 µm laser source,
which may be attributed to several reasons. First, the plasma was not optically dense above
the majority of the base region, specifically above the center of the base. This leads to
poor transistor action as well as minimal interaction of the incident HeNe source with the
plasma. Second, as noted earlier, the optogalvanic effect for 3.39 µm radiation on a Ne
plasma discharge is very small. Without a reasonable value of gain from the transistor, it
would be nearly impossible to observe any changes in the electrical characteristics of the
device. Lastly, if there was any perturbation of the device characteristics, it would be within
the noise of the testing equipment that was used.
4.1.4 Amplifier Circuit using PBJT
To demonstrate the ability of the PBJT as an integrated circuit element, a common-emitter
voltage amplifier circuit was built utilizing a single device. The voltage amplifier circuit,
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Figure 4.19: PBJT utilized in a voltage amplifier circuit.
shown in Fig. 4.19, is similar to the previous testing circuit with the addition of an emitter
resistor. The output waveform is amplified and inverted with respect to the input waveform
and the voltage gain of the circuit is approximated by the ratio between the collector and
emitter resistors. The emitter resistor provides negative feedback to the circuit as well as
the ability to measure the emitter current, which offers an alternate method of extracting
either base current or collector current from the data. A 50 Ω base resistor (RB2) was used
to directly measure the base current, while serving as a low-pass filter with a large cutoff
frequency (fc) for the circuit. Using an emitter-base capacitance value of ∼10−8 F calculated
earlier for a d = 5 mm PBJT, the cutoff frequency for a 50 Ω base resistor is approximately
32 kHz while fc for a 5 kΩ resistor would be approximately 320 Hz. The collector resistor
was chosen to be 325 kΩ while various emitter resistors were used to alter the gain of the
circuit. The waveform of the input signal was chosen to be sinusoidal at a frequency of 100
Hz while the emitter resistor values ranged from 30 kΩ down to 1 kΩ.
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Figures 4.20 and 4.21 illustrate the input and output waveforms of the PBJT voltage
amplifier circuit with emitter resistor values of 5 kΩ and 1 kΩ, respectively, and VCC = 300
V. Although the input waveforms were noisy due to the methods and equipment used to
Figure 4.20: Voltage amplification using RE = 5 kΩ in the setup described in Fig. 4.19.
measure the currents in the system, an approximate voltage gain of 40 was obtained with
the 5 kΩ emitter resistor and 170 with the 1 kΩ emitter resistor. The actual values of gain
are likely higher if the noise in the measurements is eliminated. By utilizing the 50 Ω base
resistor (RB2), the influence of the large emitter-base capacitance on the phase shift of the
output waveforms was negligible. Since the input signal to the PBJT was known to be a true
sinusoidal waveform, calculating the Fourier transform of the output signal is the approach
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Figure 4.21: Voltage amplification using RE = 1 kΩ in the setup described in Fig. 4.19.
by which one is able to observe the frequency components of the output signal and assess
the quality of the PBJT. The frequency spectra of the voltage amplifier circuit for 5 kΩ
and 1 kΩ emitter resistors are shown in Figs. 4.22 and 4.23. Harmonics of the fundamental
frequency are observed in both plots and the signal-to-noise (SNR) ratio of the fundamental
peak is calculated to be 26 dB for RE = 5 kΩ and 23.5 dB for RE = 1 kΩ.
In addition to the computed voltage gain, current gain and power gain were also calcu-
lated for a number of emitter resistor values. Figure 4.24 illustrates the voltage, current,
and power gain of the circuit for five different emitter resistor values at a VCC = 300 V. The
amplifier circuit setup successfully demonstrates the capability of the PBJT being utilized
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as a circuit element in a more complex integrated circuit arrangement. Other circuits, such
as a common-base amplifiers, operational amplifiers, and oscillators, can be created utilizing
one or more PBJTs.
Figure 4.22: FFT of the output signal (vC) shown in Fig. 4.20 (RE = 5 kΩ). Harmonics of
the fundamental frequency (100 Hz) are indicated by red arrows.
Figure 4.23: FFT of the output signal (vC) shown in Fig. 4.21 (RE = 1 kΩ). Harmonics of
the fundamental frequency (100 Hz) are indicated by red arrows.
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Figure 4.24: Voltage, current, and power gain of the PBJT amplifier circuit for various
emitter resistor values.
4.1.5 Device Lifetime and Surface Analysis
The lifetime of the PBJTs has been one of the main areas of focus for improvement. Since
a DC plasma discharge acts as the collector of the transistor, it is vital to maintain clean
electrodes, particularly an untarnished cathode surface. The clean cathode not only pro-
motes secondary electron emission to sustain the DC plasma discharge, but it is vital to
the operation of the transistor by allowing electrons that diffuse across the base to be swept
up by the cathode fall of the plasma. Any non-conducting substance that is present at the
surface will serve to hinder the transit of electrons at the boundary. Maintaining a clean
surface is of utmost importance when trying to properly study the physics present at the
plasma-semiconductor interface.
The lifespans of the first generation of devices, those utilizing the Loctite vacuum sealant,
were typically under one hour of operation. Although valuable data was obtained, the
characteristics of the device would drift an appreciable amount over the time of its operation,
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Figure 4.25: Collector current characteristics of a new device for various times after first
initiating a plasma discharge.
until the device no longer acted as a transistor. At this point, the cathode surface would
be covered by the sputtered remains of the surrounding sealant, as previously shown in Fig.
3.7. This prompted the transition from vacuum sealant to glass frit, a common material
used in the plasma display industry for creating vacuum compatible seals. Using the custom
glass frit with the external enclosure setup, shown previously in Fig. 3.8, the lifetimes of
the devices were extended to multiple hours. The drift in collector current data for a new
external device is shown in Fig. 4.25 for various times after initially striking a plasma. It is
interesting to note the shape of the collector current plots for this set of data. Unlike curves
previously presented, the collector plasma is being switched, and a kink is observed when iB
≤ -0.2 mA and iC falls below a critical value. Although the specifics of this phenomenon are
not well understood, it is believed that plasma nonlinearities are responsible for the feature
by affecting the photogenerated electron and hole currents as well as the ion current at the
cathode surface. Referring to Fig. 2.3, the plasma traverses different operating regimes
when moving from the abnormal glow to the off state, which can affect the characteristics
of the device during the measurement. Unfortunately, even in the short period of time after
operating a new device, small deviations in the measured characteristics are noticeable.
These changes may be attributed to device heating; however, degradation of the cathode
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surface is still partly responsible for the results. After approximately four hours of operation,
the device no longer acted as a transistor. The plasma was also preferentially discharging to
particular locations on the cathode surface.
Once the device was no longer operational, the Pyrex tube enclosure was carefully re-
moved in order to perform x-ray photoelectron spectroscopy (XPS) as well as Auger spec-
troscopy to understand the exact nature of the cathode surface. An image taken with an
optical microscope of the cathode surface after operation is shown in Fig. 4.26. The image
Figure 4.26: Surface of a 5 mm PBJT (exposed diameter of ∼3 mm) after approximately
four hours of operation. Letters indicate XPS locations.
of the cathode shows two major features, one located at the top left and the other at the
bottom right of the surface. A closer view of the top left structure is shown in Fig. 4.27. The
Figure 4.27: Close-up view of the structure located at the top left of Fig. 4.26.
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fringing pattern is indicative of a thin film that has a varying thickness, with the thickest
location found at the center of the cluster.
Before performing XPS on the sample above, a complete PBJT without post-processing
was scanned to serve as the control for the other data. The spectra for an unused PBJT is
shown in Fig. 4.28, with the major peaks labeled with their corresponding elements. The
Figure 4.28: XPS data obtained for a bare silicon surface.
magnitude of the oxygen peak in relation to the silicon peaks indicates the presence of a
thin layer of native oxide. No other elements are detectable on the surface of a clean silicon
PBJT cathode. Looking now at the device in question, Figs. 4.29 and 4.30 illustrate the
spectra gathered for points A and B, respectively. Location A shows the presence of a thicker
oxide layer as well as quantities of Pb; PbO is one of the major constituents in the glass frit
paste. Location B shows an even greater quantity of the elements as well as the presence
of Cu, which is found in smaller concentrations in the glass frit. The XPS data verifies
that the surrounding glass frit is still subject to sputtering in the presence of the plasma.
To ascertain the thickness of the oxide at the center, Auger spectroscopy was used. By
collecting information about the surface and sputtering down in known increments, it was
possible to determine the thickness of the oxide layer. Figure 4.31 presents Auger spectral
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data for depths of 0 A˚, 50 A˚, 100 A˚, and 150 A˚ from the surface. From this data, we can
conclude that the surface oxide is approximately 10 - 15 nm thick.
Figure 4.29: XPS data obtained for location A of Fig. 4.26.
Figure 4.30: XPS data obtained for location B of Fig. 4.26.
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Figure 4.31: Auger spectra for various depths from the surface: (a) 0 A˚, (b) 50 A˚, (c) 100
A˚, and (d) 150 A˚.
69
Although the device lifetimes have improved significantly, the alteration of the cathode
surface resulting from sputtering of the surrounding media prevents investigation of the
physics occurring at the plasma-semiconductor interface at the current time.
4.2 Dual Junction Microplasma Device Results
4.2.1 Test Circuit and Equipment
Due to complexity of the DJM structures, testing with the use of conventional electronic
driving equipment was feasible for common electrode dies only. The common electrode dies
possess three connections: two wires leading to each of the n-type contact regions and a
single wire contacting the p-type region, which is grounded. The driving equipment and
waveforms for the fully addressable dies are designed by an outside source.
The driving scheme for the common electrode device is similar to what is described in
Section 2.4.1. Figure 4.32 illustrates the test setup for running a common electrode DJM
device. The high voltage supplied to each of the n-type regions is fed through a DEI PVX-
Figure 4.32: Test equipment necessary for driving a common DJM device.
4140 pulse generator, which is specifically designed for driving capacitive loads with large
voltages at high frequencies. Since we wish to reverse bias each of the junctions, a positive
potential is applied to each of the n-type regions. The pulser is designed to trigger on the
rising edge of a square wave; thus, the two waveforms can be placed 180◦ out of phase by
simply inverting the signal from the trigger source to one of the pulsers.
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4.2.2 Preliminary Data
The DJM devices were designed to operate at approximately 1.5 kV at each of the pn
junctions. After separating the dies, each of the diodes were tested to ensure that they
would break down at the desired voltage using a probe station. Each diode was reverse-
biased starting at 10 V and the potential was increased in 10 V increments. The common
electrode dies would break down at approximately 100 V, nearly an order of magnitude
less than the designed specifications. An immediate concern was the depth and profile
of phosphorous concentration within the n-type regions. A shallower junction or lack of
phosphorous near the surface could easily lead to a lower breakdown voltage.
To investigate the profile of the n-type regions, secondary ion mass spectroscopy (SIMS)
was used to measure the concentration of phosphorous as a function of depth from the sur-
face down 15 µm. After approximately 10 µm, the measured concentration of phosphorous
exceeded the detection limits of the tool. The measured and theoretical profiles of phospho-
rous concentration as well as the background silicon concentration for a single die are shown
in Fig. 4.33. The experimental concentration profile, although slightly lower in magnitude
Figure 4.33: Phosphorous concentration measured using SIMS with a Cs ion source.
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as compared to the theoretical data, follows the same shape as the theoretical data. The
collected data rules out an improper junction as the cause behind the low breakdown voltage.
When pixels of addressable dies were tested, there was minimal leakage current and
the junctions did not break down within the measured range. Unfortunately, the testing
equipment limited the maximum applied voltage, so data above 500 V was unattainable.
The leakage current at the junction for four addressable dies chosen at random is shown in
Fig. 4.34.
Figure 4.34: Leakage current across diode as a function of reverse-breakdown potential across
diode.
The data acquired during both tests reveal the root cause behind the low breakdown
potentials: junction curvature. The breakdown voltage of a pn junction can fall by more
than an order of magnitude simply by modifying the curvature located at the edges of a
planar diode, as seen in Fig. 4.35. Individual pixels lacking junction curvature, due to the
trenching from the ICP, were able to hold off larger biases as compared to the common
electrode diodes, which had a curvature of approximately 15 µm resulting from the diffusion
process. To correct this problem, the boundary between the n-type and p-type regions was
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Figure 4.35: Breakdown voltage of an abrupt silicon pn junction illustrating the effect of
junction curvature [24].
trenched out using the ICP to increase the breakdown of the large common electrode arrays.
Unfortunately, the DJM devices have not been tested yet within a gas environment due to
the complications that were encountered. With the problems now corrected, plasma testing
will likely commence during the next couple of months.
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CHAPTER 5
CONCLUSIONS
The first of a new class of optoelectronic devices has been realized by substituting a low
temperature, non-equilibrium plasma for the n-type collector of an npn bipolar junction
transistor. The PBJT demonstrates the coupling of electrons and holes in the solid semicon-
ductor with electrons and ions in the gaseous plasma, reinforcing the link between what are
currently considered to be two different scientific fields, plasma science and semiconductor
physics.
The PBJT demonstrates both fundamental attributes of a typical transistor, amplifica-
tion and switching, by modulating the emitter-base junction using less than a single volt.
Although plagued by hysteresis due to large capacitances at the emitter-base and base-
collector junctions, and areal capacitance resulting from metal electrodes, current generation
PBJT devices as large as 5 mm in diameter have demonstrated switching at a maximum
recorded frequency of 900 Hz and modulation at a maximum recorded frequency of 3.9 kHz.
The injection of diffused emitter electrons into the plasma has shown nearly a factor of two
increase in the relative emission intensity of the plasma; however, based on the precise de-
vice characteristics, this value is likely to increase. Factors such as gas pressure and VCC
have been shown to alter the current gain of the transistor. External illumination of the
base region during operation shows an increase of base current, illustrating that the current
PBJT device exhibits phototransistor properties that may be utilized as a negative feedback
mechanism. The PBJT, used in an amplifier circuit, has achieved voltage gains of up to 170
and power gains of nearly 80. Although a number of options were exhausted to create a
clean PBJT device to study the physics at the plasma-semiconductor interface, the contin-
ued problem of sputtering the surrounding media that is in contact with the plasma persists
and obstructs any attempt to accurately probe the interface at this time. It is hoped that
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the next generation of PBJT devices will be smaller and have far less capacitance, allowing
for operation at higher pressures and at higher frequencies with larger current gain.
A new silicon microplasma structure, the DJM device, has successfully been constructed
to serve as a high-frame-rate, ultra-high-resolution plasma generator. The device leverages
the material properties of silicon and incorporates all the necessary components for a gas
discharge into a single material. Using silicon as the substrate allows future alterations of
the current design to integrate the plasma emitter and driving electronics into a single entity.
Although plasma testing has not begun due to a number of complications, it is hoped that
these devices will operate as current models predict.
Based on the accomplishment of this dissertation, the future work on the PBJT can follow
a few paths; however, before any further progress can be made, a new method of fabricating
and encapsulating the PBJT is necessary. The shortened lifetime of the device due to
undesired alteration of the silicon cathode surface has been one of the major hurdles that
has hindered progress. This must be overcome before further exploration of device physics
and engineering applications can continue at full capacity. To make significant progress,
it is important to push forth on both fronts. Of particular interest is the development of
our understanding of the plasma-semiconductor interface. Exploration and probing of the
interface during operation, leading to information that can be used to model the profile of
the tunneling barrier at the surface, is key to the development of next-generation devices.
Measurement of the cathode potential will also give quantitative results that will reinforce
much of the qualitative theory developed in the dissertation. Refinement of the PBJT
design is needed to allow for smaller devices, reduced capacitance (reducing limitations on
driving frequency), and atmospheric pressure operation (increasing the gain of the device
and photoemission of the plasma). Investigation of different gases or gas mixtures and their
associated effects on the electrical characteristics of the device should also be explored. With
a better understanding of this hybrid plasma-semiconductor device, other semiconductor
materials can be used to provide an easier alternative for modifying the semiconductor
profile. With respect to the DJM device, the work presented in this dissertation is simply
the beginning of a remarkable engineering feat – once plasma is generated using the arrays,
a great deal of device characterization will lie ahead.
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